A bacterium capable of utilizing fenitrothion (O,O-dimethyl O-4-nitro-m-tolyl phosphorothioate) as a sole carbon source was isolated from fenitrothion-treated soil. This bacterium was characterized taxonomically as being a member of the genus Burkholderia and was designated strain NF100. NF100 first hydrolyzed an organophosphate bond of fenitrothion, forming 3-methyl-4-nitrophenol, which was further metabolized to methylhydroquinone. The ability to degrade fenitrothion was found to be encoded on two plasmids, pNF1 and pNF2.
Organophosphorus insecticides such as fenitrothion (O,Odimethyl O-p-nitro-m-tolyl phosphorothioate) and parathion (O,O-diethyl O-p-nitrophenyl phosphorothioate)
are used all over the world for controlling a wide range of insects. These insecticides are potent inhibitors of cholinesterase and can thus be hazardous as a result of runoff from areas of application. Microbial degradation is considered to be a major factor determining the fate of organophosphorus insecticides in the environment. Studies of microbial degradation are useful in the development of strategies for the detoxification of the insecticides by microorganisms (14) . While there have been many reports of isolation and characterization of bacterial species cometabolically hydrolyzing organophosphorus insecticides (3), reports of bacterial species that utilize an insecticide as a sole source of carbon and energy for growth have been limited to date (15) (16) (17) . On the other hand, it is well known that plasmids can endow bacterial species with the ability to degrade various man-made organic compounds (18) . Catabolic plasmids have been thought to play an important role in the evolution of pesticide-degrading ability in microorganisms (3, 18) . A plasmid encoding the gene for hydrolysis of parathion to 4-nitrophenol has been found in Pseudomonas diminuta (19) and Flavobacterium sp. (13) . However, there have been only a few studies of plasmid-associated organophosphorus insecticide degradation.
In the present study, we isolated and characterized a Burkholderia sp. strain capable of utilizing fenitrothion as a sole source of carbon. In addition, we demonstrated that the degradative capability of the isolate is associated with the two plasmids harbored by this bacterium.
Isolation and identification. A fenitrothion-degrading bacterium was isolated from soil that had been exposed to fenitrothion for at least 2 years. The fenitrothion-exposed soil was suspended in sterilized distilled water, and its diluted suspensions were sprayed on plates of MMFF agar, which is minimal medium (MM) (8) containing 0.8% fenitrothion emulsion (consisting of 50% fenitrothion) and 2% agar. After a few days of incubation at 30°C, microbial colonies became visible, and a clear halo appeared around a colony capable of degrading fenitrothion. We selected and purified a colony that was able to use fenitrothion as a sole source of carbon, and this was designated strain NF100. Strain NF100 was identified on the basis of morphological, physiological, and biochemical characterizations. The guanine plus cytosine (GϩC) content of bacterial DNA was determined as described by Tamaoka and Komagata (23) . Quinone type was determined by high-performance liquid chromatography (HPLC). The 16S rRNA gene was amplified by PCR, and the nucleotide sequences of the purified PCR products were determined as described previously (9) . Taxonomic properties of NF100 were as follows: cell morphology, a motile straight rod with dimensions of 1.2 to 2.0 m in length and 0.5 to 0.8 m in width and having a single polar flagellum; Gram stain, negative; oxidase and catalase production, positive; nitrate reduction, positive; urease production, negative; GϩC content, 62.5% Ϯ 2.5%; and major quinone type, ubiquinone Q8. The following additional tests or reactions were positive: acid production from glycerol, adonitol, L-arabinose, fructose, D-glucose, D-galactose, inositol, lactose, mannitol, mannose, melibiose, rhamnose, ribose, sorbitol, trehalose, xylose, and growth on succinate, gluconate, malonate, citrate, and malate. The following additional tests or reactions were negative: acid production from cellobiose, erythritol, inulin, maltose, raffinose, salicin, sorbose, sucrose, and starch; growth on maleate and propionate; production of H 2 S, indole, and acetoin; and hydrolysis of esculin, gelatin, starch, Tween 80, casein, and cellulose. The isolate grew at 37°C, but growth was negligible at 42°C; it did not require supplementation of vitamins in the growth medium. About 1,492 bases of 16S rRNA of NF100 were determined. A phylogenetic tree was constructed from evolutionary distances by the neighbor-joining method (data not shown). Following phylogetic analysis, strain NF100 was placed in a cluster making up the genus Burkholderia. The highest degree of similarity found, 97%, was obtained with the 16S rRNA genes of Burkholderia cepacia (DDBJ accession no. AF097532), B. vietnaminensis (AF097534), and B. multivorans (AF097531). Based on these observations (24), the isolate was identified as a Burkholderia sp. and designated strain NF100.
Metabolism of fenitrothion. To determine the degradation pathway of fenitrothion, NF100 was inoculated into MM containing 0.4 mM fenitrothion and incubated at 30°C on a reciprocal shaker. Samples of culture medium were periodically withdrawn and analyzed. Growth of NF100 was measured as the increase in absorbance at 540 nm by spectrophotometry. Fenitrothion and its metabolites were identified and measured by HPLC, using a Shimazu model 6A high-performance liquid chromatograph with a diode array detector. The samples were injected into a C 18 column (Develosil ODS, 0.6-cm internal diameter, 20 cm long; Nomurakagaku Co., Aichi, Japan) at a flow rate of 1.0 ml/min. Retention times and UV spectra of the sample peaks were compared with those of known standards. Nitrite was determined by the modified Griess-Ilosvay method (11) . The concentrations of fenitrothion and its metabolites and culture growth were observed for 15 h after inoculation of the medium (Fig. 1 ). NF100 completely hydrolyzed the added fenitrothion in the initial 3 h without detectable growth. 3-Methyl-4-nitrophenol levels increased and then disappeared completely at between 1 and 13 h of growth, and methylhydroquinone was detected in the culture during the logarithmic growth phase. Nitrite production continued during the logarithmic phase and ceased upon entry into stationary phase. These observations indicated that the metabolism of fenitrothion in NF100 was initiated by its hydrolysis to 3-methyl-4-nitrophenol, which was metabolized to nitrite and methylhydroquinone, the substrate for oxygenase-catalyzed ring fission.
Hydrolysis and utilization of organophosphate insecticides by NF100 were examined on the basis of growth in MM containing an organophosphate insecticide as the carbon source. NF100 was inoculated into MM containing a 0.5 mM concentration of an organophosphate insecticide and incubated at 30°C on a reciprocal shaker for 24 h. The concentration of the insecticide and growth of NF100 in the culture were measured as described above. The following insecticides were used:
. NF100 hydrolyzed methyl parathion, parathion, and ENP to 4-nitrophenol, which was further metabolized as a carbon source. The strain also hydrolyzed diazinone but could not utilize its metabolites. Malathion was not hydrolyzed by NF100.
Plasmid curing. The ability of strain NF100 to utilize fenitrothion was unstable and was lost irreversibly. The ability of bacteria to degrade some pesticides is known to be controlled often by plasmids (18) . Thus, NF100 was examined for its plasmid content by the alkaline sodium dodecyl sulfate plasmid extraction method (2) and agarose gel electrophoresis. The molecular sizes of the plasmids were determined by analysis of their digestion patterns after treatment with restriction enzymes BamHI and PstI. The total size of each plasmid was estimated by comparing the electrophoretic mobilities of the fragments with those of lambda DNA digestion products of known sizes. NF100 was found to harbor two large-molecularsize plasmids, designated pNF1 (105 kb) and pNF2 (33 kb) (Fig. 2, lane 1) . To confirm that fenitrothion metabolism is controlled by pNF1 and pNF2, we examined the correlation of loss of fenitrothion degradative ability with plasmid removal. A curing experiment with mitomycin C, which is the agent used for curing Pseudomonas and related genera of plasmids, was conducted as described previously (9) . When NF100 was treated with mitomycin C, 2% of the treated cells lost their fenitrothion-hydrolyzing activity. The cells unable to hydrolyze fenitrothion either were carrying a smaller plasmid termed pNFD2 or had lost pNF2 (Fig. 2, lanes 2 and 3) . These cured strains, NF101(pNF1, pNF2D) and NF102(pNF1), simultaneously lost their ability to hydrolyze methyl parathion (Table  1) . Restriction analysis of pNF2 and pNF2D revealed that a portion of approximately 13 kb was deleted from pNF2, with the concomitant loss of fenitrothion hydrolase activity. A phenotypic property correlating with the presence of pNF2 was fenitrothion-hydrolyzing activity (Fed 3-methyl-4-nitrophenol and methylhydroquinone was lost in 0.5% of cells treated with mitomycin C. These cured strains, NF103 and NF104, had lost pNF1 (Fig. 2, lanes 4 and 5) , indicating that a phenotypic property correlating with the presence of pNF1 is utilization of methylhydroquinone (Mhq ϩ ) ( Table 1 ). Both of these cured strains, NF102(pNF1) and NF103(pNF2), retained their ability to liberate nitrite from 3-methyl-4-nitrophenol and to utilize 4-nitrophenol and hydroquinone as sole sources of carbon ( Table 1 ), indicating that the oxidative pathway for removal of the nitro group and the hydroquinone-degrading pathway are encoded by the chromosome.
Mating and electroporation. To further establish the roles of pNF1 and pNF2 in fenitrothion metabolism, a mating experiment was performed by the filter mating method as described previously (9) . Spontaneous rifampin-resistant (Rif r ) and streptomycin-resistant (Str r ) mutants of NF102 and NF103 were isolated and designated NF1023 and NF1033, respectively. Conjugal transfer of pNF2 into NF1023(pNF1) (Fed
Ϫ

Mhq
ϩ Str r Rif r ) was not successful. Therefore, NF1023 was transformed with pNF2 by electroporation. The pNF2 DNA purified from NF103 was transformed into NF1023 by using a Gene Pulser (Bio-Rad, Richmond, Calif.). Electrocompetent cells prepared by extensive washing with a 10% glycerol solution were mixed with the pNF2, and the mixture was electrically pulsed at 400 ⍀, 25 F, and 2.5 kV in accordance with the manufacturer's instructions. The electroporation enabled NF1023 to hydrolyze fenitrothion. No differences in the fenitrothion-hydrolyzing abilities of wild-type NF100 and NF1023 transformed with pNF2 (NF1023E) were observed (Table 1) . A plasmid similar to pNF2 was recovered from the transformant NF1023E (Fig. 3, lane 4) . On the other hand, the Mhq ϩ phenotype was successfully introduced via filter mating into NF1033(pNF2) (Fed ϩ Mhq Ϫ Str r Rif r ), using NF100 donors (Table 1 ). The frequency of plasmid transfer from NF100 to NF1033 ranged from 10 Ϫ6 to 10 Ϫ5 per donor cell. All of the NF1033T transconjugants (Table 1) were able to utilize methylhydroquinone and harbored pNF1 (Fig. 3, lane 5) , indicating that methylhydroquinone degradation is mediated by pNF1. These observations indicated that both pNF1 and pNF2 were needed to metabolize fenitrothion and that pNF2 was needed to metabolize methyl parathion (Fig. 4) . We concluded that pNF2 encodes a fenitrothion-hydrolyzing activity, that pNF1 encodes a methylhydroquinone-degrading activity, and that the oxidative pathway for removal of the nitro group from nitrophenol is not mediated by the two plasmids. These conclusions were supported by the following observations: (i) the loss of pNF1 and pNF2 from NF100 via mitomycin C treatment coincided with the loss of methylhydroquinone-degrading and fenitrothion-hydrolyzing abilities, respectively; (ii) the subsequent introduction of pNF1 into NF1033 and pNF2 into NF1023 resulted in reestablishment of the ability to degrade methylhydroquinone and the ability to hydrolyze fenitrothion, respectively; (iii) both cured strains NF102(pNF2) and NF103(pNF1) retained the capability of oxidative removal of the nitro group from nitrophenol; and (iv) the plasmid profiles in strain NF100 and other derivatives used in the experiments (points i to iii above) were confirmed by agarose gel electrophoresis ( Fig. 2 and 3) .
Many bacteria that metabolize organophosphorus insecticides have been isolated from soils. However, only a few of these bacteria were found to carry a plasmid encoding an insecticide-hydrolyzing enzyme. Two bacterial strains from the closely related genera Pseudomonas and Flavobacterium encode organophosphorus insecticide hydrolase (opd) genes on large plasmids (13, 19) . Characteristics of the opd gene and properties of the hydrolase have been extensively studied (6, 7, 10, 12, 20) . In the present study, NF100 was found to carry a plasmid encoding a fenitrothion-hydrolyzing enzyme. The few microorganisms capable of hydrolyzing organophosphorus insecticides can utilize one or more hydrolysis products as carbon or nutrient sources (15) (16) (17) . Formation of 4-nitrophenol via hydrolysis of methyl parathion has been reported by several authors (1, 4, 16, 17) . NF100 was able to utilize 3-methyl-4-nitrophenol and 4-nitrophenol, which are hydrolysis products of fenitrothion and methyl parathion, respectively. A variety of species able to utilize nitrophenol as a carbon source have been isolated by researchers (4, 5, 14, 16, 17, 21) . The initial step in the bacterial degradation of 4-nitrophenol was shown to be oxidative removal of the nitro group, resulting in the formation of hydroquinone (17, 21, 22) . Hydroquinone is further hydroxylated to 1,2,4-benzenetriol prior to ring fission in Pseudomonas putida (17) . However, Spain and Gibson (22) that hydroquinone was directly cleaved to ␤-ketoadipic acid via -hydroxymuconic semialdehyde and maleylacetic acid in a Moraxella species. Nitrite and methylhydroquinone were detected in fenitrothion-treated cultures of NF100, indicating that NF100 has the oxidative nitrite group-removing pathway. Methylhydroquinone may be further metabolized through either Moraxella (22)-or P. putida (17)-type ring fission. A number of plasmids encoding the degradation pathway of hydrocarbons such as toluene and naphthalene were isolated from natural habitats or in selective enrichment studies. However, there are very few plasmids encoding methylhydroquinonedegrading enzymes as does the plasmid pNF1 isolated in the present study. Although a number of plasmid-mediated xenobiotic-compound degradations have been described in the literature (18) , such degradation pathways are in most cases encoded on a single plasmid in a microbial cell. Burkholderia sp. strain NF100, isolated in the present study, has a fenitrothion degradation pathway encoded on two plasmids, pNF1 and pNF2 (Fig. 4) . In the fenitrothion-treated soil used in the present study, dissemination of the catabolic plasmid may have led to the rapid evolution of a strain capable of utilizing fenitrothion as a carbon source. The combination of pNF1 and pNF2 leading to total degradation of fenitrothion is an example of the role of various degradative plasmids in the total mineralization of some pesticides.
Nucleotide sequence accession number. The 16S rRNA gene sequence of strain NF100 has been deposited in the DDBJ database under accession no. AB025790.
